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ABSTRACT

The study of the geology of multiring impact basins on the Moon over the past

ten years has given us a rudimentary understanding of how these large structures

have formed and evolved on the Moon and other bodies. Two-ring basins on the

Moon begin to form at diameters of about 300 km; the transition diameter at which

multiple (more than two) rings appear is uncertain, but it appears to be between 400

and 500 km in diameter. Inner rings tend to be made up of clusters or aligned seg-

ments of massifs and are arranged into a crudely concentric pattern; scarp-like ele-

ments may or may not be present. Outer rings are much more scarp-like and mas-
sifs are rare to absent.

Basins display textured deposits, interpreted as ejecta, extending roughly an ap-

parent basin radius exterior to the main topographic rim. Ejecta may have various

morphologies, ranging from wormy and hummocky deposits to knobby surfaces; the

causes of these variations in morphology are not known, but may be related to the

energy regime in which the ejecta are deposited. Outside the limits of the textured

ejecta are found both fields of sateilitic craters (secondaries) and light plains deposits.

Impact melt sheets are observed on the floors of relatively unflooded basins.

Samples of impact melts from lunar basins have basaltic major-element chemistry,

characterized by K, rare-earth elements (REE), P, and other trace elements of vary-

ing concentration (KREEP); ages are between 3.8 and 3.9 Ga. These lithologies can-

not be produced through the fusion of known pristine (plutonic) rock types, suggest-

ing the occurrence of unknown lithoiogies within the Moon. These melts were

probably generated at middle to lower crustal levels.

Ejecta compositions, preservation of pre-basin topography, and deposit mor-

phologies all indicate that the excavation cavity of multiring basins is between about

0.4 and 0.6 times the diameter of the apparent crater diameter. Basin depths of ex-

cavation can be inferred from the composition of basin ejecta; this evidence strongly

suggests that basin excavation was limited to upper crustal levels and that effective

excavation was from levels no deeper than about 0.1 times diameter of the excava-

tion cavity.

A variety of mechanisms has been proposed to account for the formation of

basin rings but none of them are entirely plausible. Mechanisms can be divided into

two broad groups: (1) forcible uplift due to fluidization of the target; (2) concentric,

brittle, fracturing and failure of the target, on regional (megaterraces) to global

scales (lithospheric fracturing). Most basin rings are spaced at a constant factor on

all planets, namely the famous _/2 relation, first observed between adjacent rings of
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the lunar Orientale basin. Because geological evidence supports divergent ring-

forming models, it may be that the ring-locating mechanism is different from the

ring.forming mechanism. Thus, large-scale crustal foundering (megaterracing)

could occur along concentric zones of weakness created by some type of resonant

wave mechanism (fluidization and uplift); such immediate crustal adjustment could

then be followed by long-term adjustment of the fractured lithosphere.

INTRODUCTION

The nature of the impact process has been inferred

through the study of the geology of a wide variety of crater

types and sizes on the Earth and other planets. Some of the
largest craters known are the multiring basins found in ancient

terrains of the terrestrial planets and satellites (e.g., Spudis,

1993). Of these features, basins on the Moon possess the most

extensive and diverse data coverage, including morphological,

geochemical, geophysical, and sample data. Although many

questions remain, study of the geology of lunar basins, partic-

ularly over the past ten years (e.g., Spudis et al., 1984, 1988,

1989a, 1989b), has given us a first-order understanding of how

these large structures have formed and evolved. In the follow-

ing pages, I summarize what we know about the formation of

multiring basins on the Moon, based on my recent synthesis of

planetary impact basins (Spudis, 1993).

BASIN MORPHOLOGY

Craters on the Moon show increasing morphological

complexity with increasing size. The feature "basin" is not rig-

orously defined: the term has been generally applied to impact

structures on the Moon larger than about 300 km in diameter,

based mainly on the assumption that features of this size must

have originally contained at least one inner ring of peaks. In
fact, basins and craters overlap and the diameter at which this

transition occurs varies as a function of planet throughout the

solar system.

The smallest lunar craters are bowl-shaped and such a

morphology persists until diameters exceed about 15 km (Pike,
1980). Above this size, craters display features such as flat

floors, terraced rims, and central uplifts or peaks. Central peak

craters, with diameters of tens of kilometers, are a ubiquitous

landform on the Moon and on the other terrestrial planets.

Central-peak craters on the Moon persist to diameters of 150 to

200 km; part of the reason for the uncertainty of this transition

is that fresh craters of larger size are rare on the Moon.

The larger central peak craters (e.g., Langrenus; Fig. ia)

display floor hummocks that apparently become more promi-

nent with increasing crater size (Hale and Grieve, 1982).

Eventually, small rings of peaks surround the main, central

peak; the morphology of these craters suggests they are incipi-

ent basins, or protobasins (Pike, 1982,1983). Protobasins pos-

sess some morphologic attributes of basins, in the form of

peak rings or ring-like elements, but by all other criteria, are

similar to craters, in that they have wall terraces and true cen-

tral peaks. Pike (1983) recognized that lunar protobasins fol-

low morphometric trends distinct from complex craters and

basins, but possess morphological attributes of both.

The smallest basins on the Moon are those that display at

least two concentric rings; Schr'odinger (Fig. lb) is the type

example. Schrrdinger (320 km diameter) strongly resembles a

central-peak crater, except its central uplift is in the form of a
discontinuous ring of peaks, rather than a single peak or sim-

ple cluster. The peak ring of Schr/Sdinger is not perfectly cir-
cular (Fig. lb); this irregularity of a fresh feature illustrates

some of the problems in recognizing and determining the di-
ameters of basin rings, many of which are very degraded and

barely visible. The floor of Schrrdinger displays fractures and

volcanic vents, suggesting that basins that are filled with mare

basalt originally may have possessed similar features. Two

prominent radial gouges traverse the exterior ejecta deposits of

Schrrdinger; these features are similar to radial texture ob-

served around the larger basins, such as lmbrium. Such radial

texture has long been attributed to radial fractures (e.g., Scott,

1972); an alternative model holds that they are caused during

secondary cratering largely by scouring of low-angle ejecta

thrown out of the crater late in the excavation process (e.g.,
Head, 1976). 1 believe that both fracturing and scouring oper-

ate, but that the relative importance of each has yet to be deter-

mined (Spudis, 1993).

The transition diameter from two-ring to multiring basins

is obscure. This uncertainty partly reflects the small sample of

Figure 1 (on following three pages). Typical impact features on the
Moon illustrating the crater-to-basin transition. (A) Langrenus (132
km diameter). Note floor hummocks (arrows) that are precursors to
inner rings (e.g., Hale and Grieve, 1982). NASA photo AS8-16-2615.
(B) Schr'odinger (310 km diameter). Inner ring is hummocky to mas-
sive; radial valleys on the ejecta have counterparts in larger basins and
appear to be caused by ballistic emplacement of ejecta. NASA photo
LO IV-8M. (C) Korolev (450 km diameter). Note small massifs and
hummocks (arrows) that delineate an incipient intermediate ring. Main
rim shows major collapse feature, possibly a "megaterrace." NASA
photo LO 1-38M. (D) Orientale (930 km diameter). Basin shows at
least 4 rings, including the rim (numbers). Inner basin (inside ring 1),
partly covered by basalt, shows impact melt sheet. Outside of rim
(ring 4), basin shows wormy to radially textured deposits (ejecta).
Note large, outer ring {arrows). NASA photo LO IV-194M.
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basins in this size range on the Moon (there are only seven
basins between 400 km and 600 km diameter on the Moon,

and the transition lies somewhere within this size range) and

their relatively poor state of preservation. However, new map-

ping of all lunar basins has shown that many of these basins in

the 400 km to 600 km diameter range, previously thought to

be two-ring basins, are in fact, true multiring structures (Pike

and Spudis, 1987); a prime example is Korolev (450 km diam-

eter; Fig. lc). The floor of Korolev shows a series of small

peaks between the inner prominent ring and the terraced wall;

these peaks tend to be found at constant radial distances from

the basin center and probably constitute an incipient interme-

diate ring of the basin. Additionally, concentric scarps outside

the main rim (Fig. lc) suggest that even larger exterior rings

are incipient. Although not well developed, the presence of

these features indicates that Korolev is a true, albeit morpho-

logically immature, multiring basin.

The famous Orientale basin (930 km diameter; Fig. Id)

displays all of the classic attributes of multiring basins, includ-

ing at least four (and possibly as many as six) concentric ring

structures. True basins possess multiple rings, some having as

few as three and others as many as seven distinct rings (Pike

and Spudis, 1987; Wilhelms, 1987; Spudis, 1993). In every

basin, one ring appears to be more prominent than the others

and is believed to correspond to the topographic rim of com-

plex craters. This ring is known by various names--basin rim

of Wilhelms, 1987; Ring IV of Pike and Spudis, 1987; MOR of

Croft, 1981b; it corresponds to the Cordillera ring of the

Orientale basin (Fig. ld).

Rings inside and outside of the basin main ring are recog-
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nized, each having distinct morphology. Basin inner rings are

clusters or aligned segments of massifs, arranged into a

crudely concentric pattern; scarp-like elements may or may

not be present (Fig. ld). Basin outer rings are more scarp-like
and massifs are rare. Within a certain subset of basins on the

Moon, e.g., Crisium (Spudis et al., 1989b) and Humorum

(Spudis et al., 1992), the main topographic rim is not evident,

either in terms of morphologic or topographic prominence.

Such a relation among rings has been cited as resulting from

the effects of low-angle, oblique impact (e.g., Wichman and

Schuitz, 1992). I prefer the interpretation that these basins

have undergone a different style of post-impact modification,

possibly related to global cooling and the associated rapid in-

crease in the thickness of the lithosphere within the Moon 3.9
Ga ago (Spudis et al., 1989b; Spudis, 1993).

BASIN EJECTA AND IMPACT MELT

Basins display ejecta deposits, roughly extending an ap-

parent basin radius beyond the main topographic rim. Ejecta

surfaces may display various morphologies, ranging from
wormy and hummocky (e.g., Hevelius Formation of Orientale;

Fra Mauro Formation of Imbrium; Wilhelms, 1987) to knobby

(e.g., Alpes Formation of Imbrium; Wilhelms, 1987). At

Orientale, knobby material is largely confined within the

Cordillera scarp while hummocky materials mostly are found

only beyond this boundary (McCauley, 1977; Wilhelms,

1987). However, at Imbrium, both units occur only beyond the

topographic rim (Apennine ring) and display a curious "bilat-

eral" double symmetry, whereby knobby AIpes material is

confined to the northeast and southwest regions exterior to the

rim, and radially lineated Fra Mauro materials are found
mostly in the southeast and northwest of the rim exteriors

(Spudis et al., 1988; Spudis, 1993); this relation remains unex-

plained. Fields of satellitic craters (secondaries; Oberbeck,

1975; Wilhelms, 1976) and light plains deposits (Cayley
Formation; Wilhelms, 1987) are found outside the limits of the

basin textured ejecta.

The morphology of basin deposits is probably controlled

in some way by the energy of their environments of deposi-
tion. Near the rim of the basin, late-stage excavation is low-

energy and proximal units display hummocky, dune-like

morphology (e.g., the Descartes material of Nectaris basin,

Spudis, 1984; and Apenninus material of the lmbrium basin,

Spudis et al., 1988). Away from the basin rim, the higher en-

ergy environment producing the distal continuous deposits

forms undulating, lineated, knobby, or smooth deposits, such
as the Fra Mauro and Aipes Formations of the Imbrium basin

(Spudis et al., 1988). Isolated patches of primary ejecta from

the basin that occur within the discontinuous deposits may
also have this appearance (e.g., the Sculptured Hills material

on the eastern rim of Serenitatis, which may be partly related

to the Imbrium basin; Spudis and Ryder, 1981). The deposi-
tional environment with the highest energies is associated with

the discontinuous facies of basins, which occur at great dis-

tances from the basin rim and consist of large secondary
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craters, crater chains and clusters, and smooth plains. In this

zone of basin deposits, the volume of locally derived ejecta

from secondary craters exceeds the amount of primary ejecta
(Oberbeck, 1975) and energetic mixing of the two components

produces a complex, polymict deposit.

Impact melt sheets are observed on the floors of relatively
unflooded basins, such as Orientale (McCauley, 1977;

Wilhelms, 1987) and presumably are buried by later deposits

of mare basalt in more deeply filled and degraded basins

(Wilhelms, 1987). Melt sheets mantle basin topography and

tongues of extruded melt can be seen in many areas, segregat-
ing from the main sheet. The sampling of basin material (in-

cluding impact melt) was a high priority target for the Apollo

missions (Wilhelms, 1993). A class of impact melts in the

Apollo sample collections possessing basaltic major-element

chemistry has a KREEP trace-element pattern of varying con-

centration, and all of the impact melts have ages of about

3.8-3.9 Ga (Spudis et al., 1991; Spudis, 1993). These rocks,

collectively called "low-K Fra Mauro" basalt or basaltic im-

pact melts, are probably generated during basin-forming im-

pacts (Ryder and Wood, 1977; McCormick et al., 1989;

Spudis et al., 1991).
A large amount of information, including compositions,

ages of formation, and regional distribution and geological set-

ting (summarized in Spurdis, 1993), has been collected for
these basaltic impact melts on the Moon. Several melt groups

are found at the Apollo landing sites (Fig. 2); although only
data for the elements Ti and Sc are shown, these groupings also

appear well defined in other chemical plots (Ryder and Spudis,
1987). Note that with the exception of the Apollo 17 aphanites

(and "group" A of Apollo 15, a three-member collection), the

melt compositions appear to form diversity envelopes of size

roughly comparable to each other end and to the terrestrial

Manicouagan impact melt sheet (Fig. 2). However, the groups
also cluster by site, with the Apollo 16 melts making up a dif-

fuse group with low Ti and Sc (groups 1-3, Fig. 2), the Apollo

17 melts having moderate Ti and high Sc (poikilitic and

aphanitic, Fig. 2), and the Apollo 15 melts having high Ti and

Sc (groups A-E, Fig. 2). Finally, note that if the melt groups
are considered collectively by site, the resultant landing site en-

velopes show diversity no greater than that displayed solely by

the Apollo 17 aphanitic impact melts (Fig. 2).
In addition to these compositional data, we have learned

more about impact melts on the Moon. First, basaltic impact
melts are distinct in chemical composition from typical upper

crust, as determined by remote sensing; they are both richer in
KREEP and transition metals and are more mafic (less A1 and

more Mg) than the anorthositic composition of the upper crust

(Taylor, 1982; Spudis and Davis, 1986). Second, all of these

melts formed in a very short interval, between about 3.95 and

3.82 Ga ago (e.g., Ryder, 1990). Finally, each of these three

Apollo sites are located within, on, or near the rims of three of

the largest, youngest (Wilhelms, 1987) basins on the lunar

near side: Apollo 17 occurs within the Serenitatis basin (Wolfe

and others, 1982), Apollo 15 is on the main rim of the

Imbrium basin (Spudis and Ryder, 1985), and Apollo 16 is on

the ejecta backslope of the Nectaris basin (Spudis, 1984). Each
of these sites is proximate to recognizable deposits of each

basin; indeed, such deposits were high priority sampling tar-

gets during these missions (Wiihelms, 1993).
Taking the compositional data (typified by Fig. 2) and the

above considerations at face value, I suggest that most of the

basaltic impact melts in the Apollo collections represent impact

melt from the Nectaris (Apollo 16 groups; Spudis, 1984),

Serenitatis (Apollo 17 groups; Ryder and Wood, 1977), and

Imbrium (Apollo 15 groups; Ryder and Wood, 1977; Spudis
et al., 1991) basins. A curious fact about lunar basaltic impact

melts is that they cannot be produced through the fusion of

known pristine rock types (McCormick et al., 1989; Spudis

et al., 1991), suggesting the occurrence of unsampled crustal

lithologies on the Moon. Basin impact melts were probably

generated at middle to lower crustal levels of the Moon (Ryder
and Wood, 1977; Spudis and Davis, 1986), and so these un-

sampled rock types may be common at depth within the Moon.

BASIN EXCAVATION

The preservation of older topography within the main

topographic rim of a basin provides some constraints on the
size of its excavation cavity. At Orientale, pre-existing craters

and basins can be mapped (King and Scott, 1978; Schultz and

Spudis, 1978; Spudis et al., 1984) within the Cordillera scarp
(50 km diameter), and some structures may extend inside the

outer Rook ring (620 km diameter; Schultz and Spudis, 1978).
These observations suggest that the excavation cavity for

Orientate must have been less than about 600 km in diameter

(Spudis et al., 1984). The minimum size is difficult to con-
strain; the innermost ring (400 km diameter) may provide a

lower limit to cavity size (Spudis et al., 1984). These con-

straints observed at the Orientale basin are paralleled by simi-

lar preservation ot pre-basin topography within the Imbrium
basin (1,160 km main rim diameter), where the prominence of

the Apennine Bench indicates that the excavation cavity must
be less than about 800 km in diameter (Spudis et al., 1988).

Collectively, these data indicate that the excavation cavity of

multiring basins is between about 0.4 and 0.6 times the diame-
ter of the apparent crater diameter (Schultz and Spudis, 1978;

Spudis et al., 1984, 1988, 1989a; Spudis, 1993).
Approximate depths of excavation for lunar basins can be

inferred from the composition of basin ejecta. At Orientale,

ejecta are very feldspathic, having a normative composition of
noritic anorthosite, and mafic (basaltic) components cannot be

present in quantities greater than a few percent (Spudis et al.,

1984). Because evidence from other basins (Spudis, 1984;

Spudis and Davis, 1986) and impact melts from the lmbrium

and Serenitatis basins (Ryder and Wood, 1977) suggest a more

mafic crustal composition at depth, this feldspathic composi-

tion of Orientale ejecta suggests that excavation here was lim-
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Figure 2. Concentration of TiO 2 and Sc (two refractory elements) in
basaltic impact melts from three highland landing sites on the Moon.

Different groups are distinguished at each site: melt groups 1-3 at

Apollo 16 are defined by McKinley et al. (1984), "Ix)ikilitic '' and

"aphanatic" are the two melt categories at Apollo 17 (e.g., Spudis and

Ryder, 198), groups A-E are found at the Apollo 15 site (Ryder and

Spudis, 1987). The field of the melt sheet from the terrestrial

Manicouagan crater is shown for comparison (data from the litera-
ture). Although showing considerable overlap, melts from a given site

tend to have compositions that are (I) distinct from the local upper

crust, implying exotic derivation (here interpreted as being from deep

within the crust, formed during basin impact); and (2) distinct from

each other, implying creation in different basin-forming impacts.

ited to upper crustal levels (Spudis et al., 1984). The crust may

be as thick as 100 + 10 km in this region (Bills and Ferrati,

1976). Assuming that anorthosites are found mostly in the

upper one-half of the crust (e.g., Ryder and Wood, 1977;

Spudis and Davis, 1986), the anorthositic composition of

Orientale ejecta suggests that the maximum depth of basin ex-

cavation is on the order of about 50 km. Thus, the effective

depth of excavation of this basin is about 0.1 +_.0.02 times the

diameter of the excavation cavity (Spudis el al., 1984, 1988,

1989a), a result consistent with experiments (Stoffler et al.,

1975), analysis of cratering geometries (Croft, 1981a), and the

geology of terrestrial impact craters (Grieve et al., 1981 ).

Because basins throw out vast quantities of material and

such ejection results in the redistribution of mass (creating

gravity anomalies), the volume of material ejected by a basin-

forming impact might be a test for models of basin excavation.

I have estimated the total volume of material ejected from the

excavation cavity for five basins on the Moon (Table 1;

Spudis,1993) assuming a spherical Moon excavated by a

hemispherical cavity to a depth equal to one-tenth its diameter

(Croft, 1981a),

The range of estimates of ejecta volumes (Table 1) results

from the uncertainty of the true size of the original crater; in

some instances, this variation is quite large (e.g., Imbrium). I

estimated the total amount of material excavated from the

lunar mantle during basin formation, on the basis of approxi-

mations of crustal thickness from Bills and Ferrari (1976).

Two of the basins may have been large enough to produce

subcrustal (mantle) ejecta: the Serenitatis and lmbrium basins

(Table l). Both the Serenitatis and lmbrium basins have large

quantities of mafic materials in their ejecta, which I interpret

to be from the lower crust (Spudis, 1993), and mantle frag-

ments could be contained within deposits that are partly buried

by younger mare basalt flooding, within portions of their

ejecta that were not sampled by a mission, or those that are not

covered by remote-sensing data.

These estimates of ejecta volumes for lunar basins (Table

1) are comparable to those derived by other methods. Moore

el al. (1974) used photogeology to estimate an excavated vol-

ume for Orientale of 4.5 x 106 km 3. Scott (1974) analyzed the

apparent mass deficit of the Otientale basin from orbital grav-

ity data; he estimated thai 5.3 x 106 km 3 of material was exca-

vated. More recently, Bratt el al. (1985) modeled the amounts

of structural uplift of the crust-mantle boundary to estimate

excavated volumes; they found a total excavated volume of 7

x 1()_' km 3 for the Orientale basin. These values may be com-

pared with Table 1; I estimate that the Otientale basin exca-

vated 7.7 + 2.7 x 106 km 3 of crustal material. Thus, the

proportional growth model applied to lunar basins predicts

total excavated volumes that agree with observations for the

Orientale basin.

Data from well-studied complex craters on the Earth sug-

gest that the excavation cavity of complex craters is on the

order of 0.5 to 0.65 times the diameter of the apparent crater

(Grieve et al., 1981 ); the maximum depths of excavation are on

the order of 0.09=0.12 limes the excavation cavity diameter

(Grieve et al., 1981). These numbers compare favorably with

the admittedly poorly resolved lunar values (e.g., Spudis,

1993), a conclusion substantiated by certain analytical methods

(Croft, 1985). The relatively shallow effective depths of exca-

vation predicted by these various models account for the rela-

tive paucity of very deep crustal or mantle materials within the

returned Apollo lunar samples (Taylor, 1982; Wilhelms, 1987).

BASIN RING FORMATION

A wide variety of mechanisms has been proposed to ac-

count for the formation of basin tings (see review in Spudis,

1993). In my opinion, none of them are entirely plausible and

the formation of rings constitu'tes the last great unso_'_ed puz-

zle of multiring basin formation. Ring-forming mechanisms

can be divided into two broad groups (see Pike and Spudis,

1987 and Spudis, 1993): (l) forcible uplift due to fluidization
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TABLE 1. INFERRED CAVITY DIMENSIONS AND TOTAL EXCAVATED VOLUMES
FOR FIVE LUNAR MULTIRING BASINS"

Diameter _' DIn§ dQxcav.§ Veiec=** To...,_: Vm_m,e %VmrR
(km) (km) (km) (10_ km3) (km) (10 s km3)

Odentale 930 582 z 77 58 ± 21 7.7 ± 2.7 90 ..............

Nectaris 860 544 ± 73 54 * 20 6.3 ± 2.2 70 ..............
Crisium 740 488 ± 27 49:1:13 4.5:1:0.7 60 ....... .......
Serenitatis 920 572 ± 76 57 ± 21 7.3 ± 2.5 60 0 to 0.6 0 to 0.5

Imbrium 1,160 685 + 88 68 ± 25 12.5 ± 5.4 55 0.05tol.46 0.6 to 8.1

"From Spudis, 1993.
tDiameter refers to basin main topographic rim, interpreted here as structurally equivalent to rims of
smaller, complex craters. Crisium main rim diameter underlain (Spudis et al., 1989); 740 km diameter
ring is current best estimate.

§Die refers to diameter of basin transient crater according to proportional growth model (Croft, 1981a,
1985; Spudis et al., 1984, 1988, 1989a). Values calculated from equation D_ = (0.47 ± 0.05) D +
(140 ± 30); excavation depths, dex=,v.= (0.1 ± 0.02) Dt¢, from Spudis and Davis, 1986.
**Ejecta volumes.
;Crustal thickness estimates at basin target sites from Bills and Ferrari, 1976.

_Vrn refers to estimated percent of mantle material in basin ejecta.

of the target (e.g., Baldwin, 1981; Wilhehns, 1987); (2) con-

centric, brittle fracturing and failure of the target, on regional

(megaterraces; Head, 1974) to global scales (lithospheric frac-

turing; Melosh, 1989). Geological evidence supports certain

aspects of each of these models, but supports none of the mod-

els completely or unequivocally.

One constraint that has emerged from the examination of

a variety of basins on a number of terrestrial planets is that

basin rings are spaced at a constant factor, namely the famous

_/2 (Hartmann and Kuiper, 1962; Fielder, 1963; Hartmann and

Wood, 1971; Pike and Spudis, 1987). Sometimes misunder-

stood, the "',/2 rule" simply defined says that the diameter of

any given ring of a multiring basin is a multiple of an integer

power of 42, or,

D, = (_,'2)Y D

where D n is the diameter of any observed ring, D is the basin

rim diameter, and N is an integer (Pike and Spudis, 1987).

Originally proposed only for the Orientale basin (Hartmann

and Kuiper, 1962; Fielder, 1963), it has been found to be valid

for basins on all of the terrestrial planets and some icy satel-

lites (Pike and Spudis, 1987). Because geological evidence

supports divergent ring-forming models, it may be that the

ring-locating mechanism is different from the ring-forming

mechanism (Pike and Spudis, 1987).

The topographic rim of basins (e.g., the Cordillera ring of

the Orientale basin) is equivalent to the rims of smaller, com-

plex craters (e.g., Copernicus). Such equivalence has long been

assumed by most workers, including those that do not adhere to

proportional growth models of basin formation (e.g., Wilhelms,

1987, p. 78). Wilhelms (1987) and I differ in that he believes

that the main rim of craters marks the boundary of impact ex-

cavation. This equation conflates an ephemeral feature, the

transient cavity (produced during the excavation phase of basin

formation) with a permanent feature, the crater rim (produced

during the excavation phase of basin formation) with a perma-

nent feature, the crater rim (produced during the modification

phase). Study of both experimental craters (e.g., Sttiffier et al.,

1975) and terrestrial impact craters (e.g., Grieve, 1987) demon-

strate that these two phases of crater formation are in fact dis-

tinct, even though they may overlap in time.

Immediately following the basin excavation phase, the re-

gion surrounding the excavation cavity is deformed and moves

upward in response to the crustal unloading produced by exca-

vation. This deformation and crustal adjustment produces at

least some basin rings. I believe that the topographic rim of

lunar basins is formed largely by structural uplift and subse-

quent collapse, specifically, by the formation of a megaterrace
(Mackin, 1969; Gau[t, 1974; Head, 1974, 1977; Dence, 1976;

Croft, 1981b). The fault origin of the Orientale Cordillera ring

is evident in the deformation and offset of older structures in

that region. The scarp-like appearance of both the Cordillera

range of Orientale and the Altai ring of Nectaris are strongly

suggestive of a structural origin. A structural exposure of pre-

Imbrian rocks within the Apennine front (e.g., Spudis and

Ryder, 1985) supports a megaterrace origin for this part of the

rim of the lmbrium basin.

The intermediate ring of basins may also be of structural

origin, because older topography is often preserved inside of

the main ring and sometimes inside the intermediate ring

(Schultz and Spudis, 1978; Spudis, 1993). Such preservation

would not be possible if the tsunami (Van Dorn, 1968;

Baldwin, 1981) or nested-crater models (Wilhelms et al.,

1977; Hodges and Wilhelms, 1978) were responsible for ring

formation. Inner rings of basins (whose diameter is smaller
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than the inferred diameter of the transient cavity) may form ei-

ther by oscillatory uplift (Murray, 1980; Grieve et al., 1981) or

by structural uplift, followed by collapse (Head, 1977; Melosh

and McKinnon, 1978; Schultz et al., 1981); either mechanism

is compatible with the observed geological relations. The doc-

umentation of minor oscillatory movement in well-character-

ized craters on Earth (Grieve et al., 1981) suggests that this

mode of origin for inner rings may be likely for lunar basins.

The origin of the outer rings of basins, exterior to the

main rim is still enigmatic. These rings follow the same _/2

spacing rule as interior rings, are usually less prominent topo-

graphically, and frequently display structural features, such as

vents for the extrusion of mare basalts (Spudis, 1993). These

relations suggest that the outer rings are scarps of structural

origin, formed along zones of weakness established during the

impact. Their age relative to the basin event is unknown; per-

haps they form by lithospheric fracturing on a long-term basis,

several million years after the basin impact (e.g., Hartman and

Wood, 1971 ; Melosh and McKinnon, 1978).

The scenario for the formation of basin rings outlined

above resembles none of the classic models of ring formation

in pure form, but rather, embodies certain elements from all of

the models. The main rim of the basin is dominantly a feature

formed by structural collapse (megaterrace), inner rings are

created by uplift followed by collapse (oscillating peaks), and

outer rings reflect collapse of the lithosphere or basin target

after the impact event (target strength). In my opinion, the most

realistic model for ring development advocated to date is that

of Grieve et al. (1981); this model incorporates elements from

a variety of different mechanisms into a consistent and coher-

ent scenario of the development of basin rings. If the conun-

drum of ring genesis can be resolved, we will possess a good

understanding of all of the principal phases of formation of

multiring basins.

CONCLUSIONS

Impacts large enough to form basins occur early in the

history of all the terrestrial planes and such impacts have

global (and catastrophic!) consequences. We must understand

how basins form and evolve in order to completely compre-

hend planetary evolution. Although such impacts are energetic

beyond all human experience, a variety of geological clues

permit us to reconstruct the complex mechanics of basin for-

mation and the planetary response to such an event. Much

additional work remains to be done before we can fully under-

stand these fascinating and enigmatic features.
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